deaf proband of consanguineous parents that is homozygous for p.Cys113Tyr carried by the same microsatellite marker haplotype as in FT13, indicating that this mutation is ancestral. Using immunofluorescence, we found that Slc22a4 is expressed in stria vascularis (SV) endothelial cells of rodent cochlea and targets their apical plasma membrane. We also found Slc22a4 transcripts in our RNA-seq library from purified primary culture of mouse SV endothelial cells. Interestingly, p.Cys113Tyr mutation affects the trafficking of the transporter and severely alters ergothioneine uptake. We conclude that SLC22A4 is an organic cation transporter of the SV endothelium that is essential for hearing, and its mutation causes DFNB60 form of HL.
Introduction
Hearing impairment is the most common sensory defect. It affects one in nearly 500 newborns and the majority of cases are of genetic origin. Hereditary hearing loss (HL) that is associated with no other symptoms or findings, Abstract The high prevalence/incidence of hearing loss (HL) in humans makes it the most common sensory defect. The majority of the cases are of genetic origin. Non-syndromic hereditary HL is extremely heterogeneous. Genetic approaches have been instrumental in deciphering genes that are crucial for auditory function. In this study, we first used NADf chip to exclude the implication of known NorthAfrican mutations in HL in a large consanguineous Tunisian family (FT13) affected by autosomal recessive non-syndromic HL (ARNSHL). We then performed genome-wide linkage analysis and assigned the deafness gene locus to ch:5q23.2-31.1, corresponding to the DFNB60 ARNSHL locus. Moreover, we performed whole exome sequencing on FT13 patient DNA and uncovered amino acid substitution p.Cys113Tyr in SLC22A4, a transporter of organic cations, cosegregating with HL in FT13 and therefore the cause of ARNSHL DFNB60. We also screened a cohort of small Tunisian HL families and uncovered an additional Mariem Ben Said and M'hamed Grati have contributed equally to this work.
classified as non-syndromic deafness, is extremely heterogeneous. Non-syndromic genetic hearing loss (HL) is inherited in an autosomal recessive mode (ARNSHL) in ~77 % of the cases, autosomal dominant HL (ADN-SHL) accounts for about 22 %, and the remaining ~1 % is composed of X-linked and mitochondrial forms. Over 100 ARNSHL gene loci have been localized through genomewide linkage analysis of large pedigrees of consanguineous families, and over 60 ARNSHL genes have been so far identified by positional cloning (http://hereditaryhearingloss.org/).
In this study, we have mapped autosomal recessive non-syndromic HL-causing gene to the DFNB60 locus, within a 12.2-Mb critical region on human chromosome 5q23.2-31.1 in a large consanguineous Tunisian family. We then identified by whole exome sequencing a missense variant in SLC22A4 (also known as OCTN1), the solute career family 22 (organic cation transporter), member 4 (SLC22A4; OMIM#604190) that co-segregated with HL within the family. We present evidence that Slc22a4 is expressed at the apical surface of mammalian adult cochlea stria vascularis (SV) endothelial cells and the novel uncovered mutation in SLC22A4 affects its apical targeting and nearly abolishes its transport function, and therefore causative of DFNB60 form of HL.
Materials and methods

Subjects and clinical evaluations
The institutional review boards (IRB) of the University of Miami and the ethical committee of the University Hospital of Sfax (Tunisia) approved this study. All adult subjects and the parents of minor subjects signed informed consents. Clinical history interviews and physical examinations of members of FT13 and FT20 families ruled out environmental factors as causing the hearing loss and the presence of a syndrome. Because SNPs in the novel deafness causative gene, SLC22A4, that we identified in this study has been associated with increased susceptibility to rheumatoid arthritis or Crohn's disease, we emphasize that there were no clinical symptoms or signs in members of FT13 and FT20 family medical history that could suggest a possibility of an association with rheumatoid arthritis or Crohn's disease. Indeed, no patient reported abdominal pain, diarrhea or weight loss for suspecting Crohn's disease, and no patient reported joint pain or limitation of joint mobility for suspecting rheumatoid arthritis. In the absence of any clinical symptoms for these diseases, no additional tests were performed and deafness was concluded to be non-syndromic. To assess the degree of hearing impairment, pure audiometry evaluation was performed to test air conduction and bone conduction at frequencies ranging from 0.5 to 8 kHz. Genomic DNA was extracted from peripheral blood samples following a standard phenol-chloroform method. All clinical investigations were conducted according to the principles expressed in the Declaration of Helsinki.
Known mutations and microsatellite genotyping
Known North African mutations associated with hearing loss have been excluded with a cost-effective North African Deafness chip (NADf) using multiplex PCR coupled with dual-color arrayed primer extension . A genome-wide scan was performed using 400 fluorescent dye-labeled microsatellites with an average spacing of 10 cM (ABIPRISM_ Linkage Mapping Set version 2.5 MD10, Applied Biosystems, Foster City, CA). We used the True Allele PCR Premix for PCR reactions. Fluorescently labeled alleles were analyzed on an ABI Prism 3100-Avant DNA Analyzer (Applied Biosystems, Foster City, CA).
Whole exome sequencing
Genomic DNA from one affected individual in the family underwent whole exome sequencing as described (Grati et al. 2015) .
The average read depth was 47.6-fold. The average variant quality was 982.21. Before filtering, 237,526 SNVs and 23,573 indels were found. We filtered the variants using the Genomes Management Application (GEMapp), University of Miami Miller School of Medicine (https://secureforms. med.miami.edu/hihg/gem-app), according to the inheritance mode (homozygous autosomal recessive), to the function class including missense, nonsense, splice sites, in-frame indels and frame-shift indels, and presence and frequency at the dbSNP137, NHLBI (http://evs.gs.washington.edu/EVS/) databases (minor allele frequency of less than 0.5 % was used) and in ExAC (http://exac.broadinstitute.org/). We also filtered the variants for their absence in more than five families in our internal database that includes over 3000 exomes. GATK quality score (QUAL) was set to 100 and genotype quality (GQ) was set to 75.
Mutation analysis by Sanger sequencing or by PCR-RFLP on genomic DNA
Exon 1 of SLC22A4 was amplified on 40 ng genomic DNA using forward primer 5′-ACTACGACGAGGTGATCGC-CTTC-3′ and reverse primer 5′-TGCTGGAAGTATGAA-CAGCAG-3′, then either Sanger-sequenced or digested with BglI restriction enzyme to yield either a 185 + 335 bp fragments (wild-type allele) or 520 bp (mutant allele). DNA fragments were separated and visualized on a 2 % agarose gel.
GenBank accession numbers
Human SLC22A4 protein: NP_003050.2; Human SLC22A4 mRNA: NM_003059.2, zebrafish slc22a4 mRNA: NM_200849.1.
Constructs encoding for SLC22A4 and immunocytochemistry
We purchased from OriGene a plasmid construct encoding for C-terminally GFP-tagged human SLC22A4 variant 1 under the control of the CMV promoter (catalog number: RG206575). Plasmid construct encoding for interleukin receptor α2 subunit (TAC) has been previously described (Grati et al. 2006) . Immunocytochemistry was performed on COS7 cells expressing the wild-type SLC22A4-GFP as described (Grati and Kachar 2011) . The expression and targeting study of wild-type and mutant SLC22A4-GFP in polarized LLC-PK1 cells was performed as described (Grati et al. 2006) .
Primary culture of strial endothelial cells and next-generation RNA sequencing
Cochleae from 10-or 15-day-old C57BL/6J mice were harvested under sterile conditions. The stria vascularis was gently pulled away from the spiral ligament, placed in icecold Hank's calcium and magnesium-free balanced salt solution, and minced into small pieces (~0.15-0.20 mm 3 ) with ophthalmic tweezers. To produce endothelial cells, the minced stria vascularis was cultured on collagen-coated dishes in medium 254 (Invitrogen, Eugene, OR, USA). The detailed protocol for generating the primary endothelial cell line has been previously reported (Neng et al. 2013) . For gene sequencing, the purified endothelial cell culture at passage 3 was washed with PBS (three times for 5 min), followed by incubation with trypsin-EDTA for 5 min at 37 C and 5 % CO 2 . The cell suspension was pipetted up and down a few times to detach the cell colony. After adjusting the concentration of the cell suspension to 1 × 10 7 /ml with the endothelial cell media, a 1 ml cell suspension was transferred to an RNase-free polypropylene centrifuge tube. The suspension was centrifuged at 300×g for 5 min and the supernatant discarded. RNAlater ® (Life technologies) was added to the tube and the cells kept on ice. Specimens were submitted to Otogenetics Corporation (Norcross, GA USA) for RNA-Seq assays. Briefly, total RNA was extracted from cell pellets using the E.Z.N.A. Total RNA Kit II (Omega Biotek, Norcross, GA, USA, catalog #R6934) and the integrity and purity of total RNA were assessed using Agilent Bioanalyzer and OD260/280. 1-2 μg of cDNA was generated using Clontech SMARTer cDNA kit (Clontech Laboratories, Inc., Mountain View, CA, USA, catalog# 634925) from 100 ng of total RNA, and adaptors were removed by digestion with RsaI. The resulting cDNA was fragmented using Covaris (Covaris, Inc., Woburn, MA, USA) or Bioruptor, profiled using Agilent Bioanalyzer, and subjected to Illumina library preparation using NEBNext reagents (New England Biolabs, Ipswich, MA USA, catalog# E6040). The quality and quantity and the size distribution of the Illumina libraries were determined using an Agilent Bioanalyzer 2100. The libraries were then submitted for Illumina HiSeq 2000 sequencing according to the standard operation. Paired-end 90 or 100 nucleotide (nt) reads were generated and checked for data quality using FASTQC (Babraham Institute, Cambridge, UK) and subjected to data analysis using the platform provided by DNAnexus (DNAnexus, Inc., Mountain View, CA, USA) or the platform provided by the Center for Biotechnology and Computational Biology (University of Maryland, College Park, MD USA) as previously described (Trapnell et al. 2012 ).
Animal use
Male and female wild-type Sprague-Dawley rats were used in this study. C57BL/6J male and female mice were used in this study. Rats and mice were humanely narcotized/ asphyxiated with CO 2 in a transparent CO 2 chamber, followed by decapitation. All procedures were approved by the University of Miami Institutional Animal Care and Use Committee following the National Institutes of Health guidelines on "Using Animals in Intramural Research (http://oacu.od.nih.gov/training/PI/main_menu.htm)".
Antibody validation and immunofluorescence preparations
H00006583-A01 SLC22A4 mouse polyclonal antibody directed against amino acids 43-142 of NP_003050 was obtained from Novus Biologicals. This antibody was tested for specificity by immunocytochemistry on COS7 cells expressing SLC22A4-GFP and western blot of proteins from several adult rat tissues and from COS7 cells, as previously described (Grati et al. 2015) . H00006583-A01 showed high specificity on western blot (dilution: 1/2000) and in immunocytochemistry on COS7 cells expressing SLC22A4-GFP (dilution: 1/700). H00006583-A01 was used for immunofluorescence on whole mount inner ear preparations (dilution 1/400). Whole mount immunofluorescence preparations on postnatal day 2-3 rat pup and on adult rats were performed as described (Grati et al. 2015) . Immunocytochemistry of sections of cryo-embedded P2-3 rat inner ears have been performed as described (Yasunaga et al. 1999) . Immuno-purified rabbit polyclonal Myosin 7a antibody PB206 has been described (Grati and Kachar 1 3 2011). Images were taken on an LSM710 confocal microscope equipped with a 63 × 1.4 numerical aperture (N.A.) objective (Zeiss Microimaging). Confocal images were processed using Adobe photoshop. Relative fluorescence intensity quantifications were performed using NIH ImageJ software.
Uptake of [ 3 H]ERGO in HEK293 cells expressing human wild-type or mutant SLC22A4
Dulbecco's modified Eagle's medium (DMEM) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum was supplied by Biowest (Nuaillé, France).
Lipofectamine
® 3000 Reagent was purchased from Thermo Fisher Scientific (Waltham, MA, USA). [
3 H]ERGO (170 Ci/mol) was obtained from Moravek Biochemicals (Brea, CA). Clearsol I was obtained from Nacalai Tesque (Kyoto, Japan). All other chemicals and reagents were of the highest purity available and purchased from commercial sources.
HEK293 cells were cultured in DMEM supplemented with 10 % FBS and passaged at least three times. Cultures were maintained in a humidified atmosphere of 5 % CO 2 /95 % air at 37 °C. HEK293 Cells cultured for 3 days were dispersed with 0.1 % trypsin in PBS containing 0.03 % EDTA at 37 °C for 1 min, and then transiently transfected with plasmid DNA encoding human wild-type or mutant SLC22A4 using Lipofectamine ® 3000 Reagent in Opti-MEM according to the manufacturer's instructions. The cells were seeded at a density of 5 × 10 4 cells/well on 24-well dishes. 42 h after the transfection, the cells were used for microscopic observation and uptake study.
In the microscopic observation, the cells were rinsed with PBS and observed under an LSM710 confocal laser scanning microscope, followed by calculation of the percentage of GFP-positive cells versus the total number of cells.
After checking the transfection efficiency by microscopic observation, HEK293 cells transfected with wildtype or mutant SLC22A4 were washed with transport buffer (125 mM NaCl, 4.8 mM KCl, 1.2 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KaH 2 PO 4 , 5.6 mM glucose and 25 mM HEPES, pH 7.4) and incubated with 0.23 μM [
3 H] ERGO in transport buffer at 37 °C for various periods in the presence or absence of 5, 50 and 500 μM unlabeled ERGO. Cells were then solubilized with 0.2 M NaOH at 25 °C for 6 h. The solubilized solution was neutralized with 5 M HCl, followed by the addition of Clearsol I for liquid scintillation spectrometry. The protein concentration was determined with a Bio-Rad Protein Assay Kit. Km and Vmax values were calculated by fitting the data on dosedependent inhibition by unlabeled ERGO to the MichaelisMenten kinetics and Eadie-Hofstee plot.
Results
Mutation screening on NADf chip and genomic mapping of HL-causing gene in Tunisian consanguineous family FT13
Tunisia is among the North African countries with a high consanguinity rate, and therefore increased autosomal recessive deafness frequency. Besides, several features, such as history and social behavior that are common to this population, promote the spreading of founder mutations (Ben Arab et al. 2004 ). Therefore, a home-built North African Deafness chip (NADf) that allows the screening of 58 known deafness-causing mutations in 21 distinct genes was first used to screen for the presence of a known variant in the family FT13, in which the affected members had non-syndromic bilateral prelingual-onset profound deafness (Fig. 1a, b) . HL in the family FT13 was determined to be autosomal recessive. After excluding common mutations using the NADf chip, we performed a genome-wide linkage analysis on selected individuals from the FT13 family using 400 fluorescently labeled informative microsatellite markers spaced in average of 10 cM/Mbp covering 22 autosomes and X chromosome (ABI PRISM ® Linkage Mapping Set version 2.5 MD10, Applied Biosystems, Foster City, CA). A possible linkage was found with the marker D5S2115. To confirm the linkage and determine the critical interval, additional closely spaced markers (D5S622, D5S2059, D5S2110 and D5S658; Fig. 1a , c) were genotyped. A maximum two-point LOD score of 4.13 was obtained for the most informative marker D5S658. Haplotype analysis disclosed key recombination event between D5S2110 and D5S2115 in affected Fig. 1 Molecular genetic and structural analysis of SLC22A4 mutation. a Homozygosity mapping of recessive isolated HL-causing gene in consanguineous family FT13. Family FT13 pedigree showing the co-segregation of HL with a haplotype reconstructed between microsatellite markers D5S471 and D5S436, including the genotype of SLC22A4 c.G338 position within the chromosomal region 5q23.1-q32. Key recombination events leading to heterozygosity in deaf individual IV:7 telomeric to marker D5S2115, and in deaf individuals VII:7, VII:8 and VII:9 centromeric to marker D5S622 allowed us to map the causative gene between these two markers within a 12.2 cM region. b Audiograms of deaf individuals VII:7 (upper panel) and IV:7 (lower panel). Audiograms of other deaf individuals in the family were not significantly different. Hearing loss is bilateral and profound, with a very similar pattern for both ears. c Physical map of chromosomal region 5q23.1-q32 showing the location of candidate genes SLC22A4, P4HA2 and SLC4A9 where homozygous amino acid variations were found by whole exome sequencing on patient VII:7. d Electrofluorograms of hearing wild-type individual (VII:6), hearing carrier individual (VI:9) and deaf individual (VII:7) showing the identification of c.338G>A nucleic substitution (ch5:131,630,647) causing SLC22A4 p.Cys113Tyr amino acid substitution in FT13 family. Sanger sequencing on genomic DNA samples from all available FT13 family deaf and hearing members confirmed the segregation of c.338G>A with HL. e Interspecies alignment of amino acid sequences around residue p.Cys113 of SLC22A4 showing its high conservation. f Predicted dodeca-transmembrane protein SLC22A4 secondary structure. Yellow residues are highly conserved cysteine residues predicted to be essential for the formation of the large extracellular loop located between TM1 and TM2; red arrow pinpoints to residue p.Cys113. g Pedigree of consanguineous family FT20 showing the haplotype and the homozygous OCTN1 homozygous c.338G>A mutation in the deaf child. h Alignment of amino acid sequences of human P4HA2 and mouse P4ha2 around residue p.Arg439 of P4HA2 (NP_004190) showing no conservation in mouse orthologous sequence (NP_035161) corresponding to residue p.Gln441 that is identical to substitution pArg439Gln found in FT13, and therefore concluded as a non-pathogenic polymorphism ◂ individual IV:7, defining the telomeric boundary of the disease interval (Fig. 1a) . As affected individuals VII:7, VII:8, VII:9 were heterozygous for marker D5S622, we were able to limit the centromeric boundary of the disease interval (Fig. 1a) . Therefore, this locus lies within a 12.18-Mb region delimited by D5S622 (122, 532, 532, 846) and D5S2115 (134,719,248-134,719,548 ) markers (http:// www.genome.ucsc.edu) on chromosome 5q23-q31, corresponding to the DFNB60 locus (HGNC:18300 at http:// www.genenames.org/).
Whole exome sequencing and identification of HL-causing gene in the family FT13
Using whole exome sequencing on one affected individual DNA, and applying selection criteria given in the methods (Grati et al. 2015) , we identified two homozygous chromosomal variations at positions Chr5:131,533,954 and Chr5:131,630,647 within the candidate genetic interval, and a third one at position Chr5:139,740,434 right downstream of the D5S2115 telomeric bordering marker, causing p.Arg439Gln (NP_004190.1), p.Cys113Tyr (NP_003050.2) and p.Gly90Ser (NP_001245355.1) substitutions in P4HA2 (c.1316C>T in NM_004199.2 corresponding to rs192638050; encoding for prolyl 4-hydroxylase, alpha-2 subunit; OMIM#600608), SLC22A4 (c.338G>A in NM_003059; encoding for organic cation transporter-1; OMIM#604190) and SLC4A9 (c.268G>A in NM_001258426.1; encoding anion exchanger protein 4; OMIM#310207), respectively. We used prediction software Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/) and SIFT (http://sift.bii.astar.edu.sg/www/SIFT_related_seqs_submit.html) to evaluate the likely pathogenicity of each variant. Variant p.Arg439Gln (rs192638050; allele frequency on ExAC server = 9.891e-05; allele count = 12/121,322) in isoform-1 of P4HA2 (NP_ 004190) has been predicted to be "tolerated" or non-pathogenic (SIFT score = 0.61, Polyphen-2 score = 0). Precisely, the human P4HA2 p.Arg439 residue is not conserved in the mouse P4ha2 orthologous isoform (NP_035161) that contains instead residue p.Gln441 that is identical to the substitution found in the FT13 family (Fig. 1h) , and therefore this variant has been excluded to be the cause of HL in the family FT13. Variant p.Gly90Ser in SLC4A9 (allele frequency on ExAC server = 6.301e-05; allele count = 7/111,090) Fig. 2 SLC22A4 targeting, antibody specificity validation and whole mount immunofluorescence on rat inner ear tissues. a A representative confocal micrograph of the apical surface of polarized LLC-PK1 cells co-expressing GFP-tagged wild-type SLC22A4 (green channel) together with interleukin receptor α2 subunit (TAC, red channel) , showing the targeting and high degree of colocalization (Merge) of both SLC22A4-GFP (green) and TAC (red) at the apical plasma membrane (PM); actin is stained in blue in merged channels panel. Number of scanned cells with similar pattern = 22. A zoom-in view of an inset in separate channels and in the merged view (rectangle) is also represented. The relative fluorescence intensity plots in green and red channels at the plasma membrane of a chosen microvillus (arrowhead) shows the abundance of both TAC (Red) and wild-type SLC22A4-GFP. b A representative confocal micrograph of the apical surface of polarized LLC-PK1 cells co-expressing GFP-tagged p.Cys113Tyr mutant SLC22A4 (green channel) together with TAC (red channel), showing a low abundance of p.Cys113Tyr mutant SLC22A4-GFP (green) compared to TAC (red) at the apical PM, and also compared to wild-type SLC22A4-GFP (green in a) . The merged channels panel shows the low degree of colocalization of both proteins at the apical PM; actin is stained in blue. Number of scanned cells with similar pattern = 25. A zoom-in view of an inset in separate channels and in the merged view (rectangle) is also represented. The relative fluorescence intensity plots in green and red channels at the plasma membrane of a chosen microvillus (arrowhead) show the abundance of TAC (Red) and a very low level of p.Cys113Tyr SLC22A4-GFP. Arrows show abnormal aggregates of p.Cys113Tyr SLC22A4-GFP at the apical PM. c SLC22A4 mouse polyclonal antibody (red panel) validation by immunocytochemistry in COS7 cells expressing SLC22A4-GFP (green) showing colocalization (Merge panel); actin is in blue. SLC22A4 is not endogenously expressed in COS7 cells shown by the absence of immunoreactivity in non-transfected COS7 cells (counterstained for actin in blue in the Merge panel). SLC22A4 does not seem to efficiently target the plasma membrane in COS7 cells and remained predominantly within intracellular protein synthesis and trafficking compartments. d Western blot of protein extracts from COS7 cells (C) that do not endogenously express SLC22A4 and that were not transfected with construct expressing SLC22A4-GFP (negative control), adult rat liver (L) and kidney (K) using mouse polyclonal antibody (Novus Biologicals; dilution: 1/2000) showing the absence of immunoreactivity in COS7 cells (as seen by immunocytochemistry in c), and the revelation of a unique band around the 62 kDa predicted SLC22A4 size in both liver and kidney. e Immunofluorescence using SLC22A4 antibody (green) on P2 rat inner ear cryosections, counterstained for myosin VIIa to visualize hair cells (red) and with DAPI to visualize the nuclei (blue). The overall immunofluorescence signal is weak and diffuse across the tissue, with higher fluorescence at the spiral ganglion neurons (sg) and a much higher apical enrichment of the signal in a subset of marginal cells (arrowhead). The antibody cross-reacts with the tectorial membrane. f Schematic representation of adult mammalian cochlea cross section showing its different fluidic and cellular compartments, highlighting in yellow the stria vascularis (SV) compartment and in green the blood capillaries of the SV. OC organ of Corti, SLig spiral ligament, SV stria vascularis, SP spiral prominence, RM Reissner's membrane, BM basilar membrane, OS outer sulcus, IS inner sulcus, SL spiral limbus, SG spiral ganglion neurons. g Confocal micrograph of a whole mount immunofluorescence preparation of rat cochlea lateral wall using SLC22A4 antibody (green). Actin is red and nuclei are revealed with DAPI (blue). h A closer look at a capillary segment showing immunofluorescence (green) at the apical surface of the endothelial cells; stars pinpoint the nuclei of endothelial cells. i An image of a 3D reconstruction of a confocal image stack through a whole mount immunofluorescence preparation of adult rat stria vascularis and orthogonal cross sections following red (lower panel) and green (right panel) axes, showing SLC22A4 (green) distribution all around the apical surface of blood capillary endothelial cells; pink stars show the lumen of the capillaries and white stars shows the nuclei of endothelial cells counterstained with DAPI. Scale bars 5 μm in (a, b, h, i) ; 10 μm in (c); 50 μm in (e) and (g) ◂ has been predicted to be "damaging" (SIFT score = 0.02, Polyphen-2 score = 0.969) and has been excluded to be the cause of HL since it did not co-segregate with HL within family FT13. Variant p.Cys113Tyr in SLC22A4 (c.338G>A in NM_003059; allele frequency on ExAC server = 4.545e-05; allele count = 3/66,008), however, occurs in a highly conserved residue within the first extracellular loop of the protein (Fig. 1f) . It has been predicted to be "damaging/deleterious" (SIFT score = 0, Polyphen-2 score = 1) and found to co-segregate with HL within the family FT13 (Fig. 1a) . Besides, screening of a cohort of 71 Tunisian HL patients led to uncover homozygous p.Cys113Tyr substitution in a deaf child of consanguineous parents (Family FT20; Fig. 1g ). This patient carried a homozygous microsatellite marker haplotype bordering the SLC22A4 gene locus that was identical to that comprising p.Cys113Tyr variant that was transmitted within the FT13 family, indicating that this mutation is ancestral. Moreover, we screened 122 Tunisian control individuals and found one carrier for the mutation within the same haplotype.
Targeting properties of wild-type and p.Cys113Tyr mutant SLC22A4 in LLC-PK1 polarized epithelial cells
We studied the targeting properties of COOH-terminally GFP-tagged wild-type and p.Cys113Tyr mutant SLC22A4 in polarized LLC-PK1 cells. We coexpressed each of these forms together with interleukin receptor α2 subunit (TAC) that we used as a marker to visualize the apical plasma membrane (PM) in polarized LLC-PK1 cells, as previously described (Grati et al. 2006 ). Wild-type SLC22A4 was found to be abundantly targeted to the apical PM (green in Fig. 2a ) and perfectly co-localized with TAC (red in Fig. 2a) . The targeting to the apical PM of LLC-PK1 polarized cells of p.Cys113Tyr mutant SLC22A4, however, appeared to be hindered, reflected by the very low abundance of GFP fluorescence at the apical PM (green in Fig. 2b) . Moreover, fluorescence at the apical PM related to mutant SLC22A4-GFP (green in Fig. 2b ) did not co-localize (merged channels in Fig. 2b ) with that collected for TAC (red channel in Fig. 2b ), although few green fluorescent aggregates that would correspond to abnormally folded molecules could have been able to reach the apical PM (green arrows in Fig. 2b ).
Immunolocalization of Slc22a4 in mammalian cochlea
To immunolocalize Slc22a4 in early postnatal and adult rat inner ears, we used an immuno-purified antibody for which we characterized the specificity to Slc22a4 by immunocytochemistry (Fig. 2c) and by western blotting (Fig. 2d) . At early postnatal stage (postnatal day 2 in Fig. 2e ), Slc22a4 expression was diffuse across all rat inner ear epithelia (Fig. 2e) , including the hair cells and in spiral ganglion neurons. These observations were relatively consistent with the data reported in SHIELD database (Shen et al. 2015) on the detection of Slc22a4 mRNA in hair cells and in spiral ganglion neurons. At this stage, we observed a higher fluorescence at the spiral ganglion neurons and at the stria vascularis (SV). We also consistently noticed a high expression of the protein by a subset of marginal cells which appeared to be enriched at their apical plasma membrane. At around the onset of hearing in mature rats and thereafter (3 week postnatal in Fig. 2g-i) , Slc22a4 was only found to be highly expressed in the endothelial cells of the SV, precisely at the apical surface plasma membrane of the endothelial cells (Fig. 2e-g ).
Expression of Slc22a4 in mouse strial endothelial cell line
To further confirm our immunofluorescence observations on the mammalian inner ear tissues, we searched for the expression of Slc22a4 in a purified primary culture of P10-15 mouse cochlea endothelial cells (EC) that we have established (Neng et al. 2013) . We therefore generated a library of massive mRNA next-generation sequences prepared from this primary culture and looked for the presence of Slc22a4 mRNA. Slc22a4 RNA expression was determined for three replicates of one purified primary strial EC sample (Neng et al. 2013 ). The specific EC marker gene, vWf, was also identified in the same sample. Slc22a4 had a read count of 22, which is higher than the count for the EC marker gene, vWf (read count of 9). However, both Slc22a4 and vWf were expressed at a low level compared to the housekeeping gene Gapdh, which had a read count of 1.95E + 04. In a control experiment, the primary strial pericyte cell line was shown to not express Slc22a4.
Uptake of [ 3 H]ERGO in HEK293 cells expressing exogenous wild-type or mutant SLC22A4-GFP
To evaluate the ERGO uptake efficiency of both wildtype (WT) and p.Cys113Tyr mutant (MUT) SLC22A4, we transfected HEK293 with plasmids expressing either of these forms. The transfection efficiencies of WT and MUT SLC22A4 plasmids were very similar, since HEK293 transfection rates were evaluated to 49.7 and 46.4 %, respectively (Fig. 3a, b) . Uptake of [ 3 H]ERGO into HEK293 cells transfected with wild-type SLC22A4 (Fig. 3a, b) increased markedly in a time-dependent manner (Fig. 3c ), and the [ 3 H]ERGO uptake was inhibited by simultaneous addition of unlabeled ERGO in a dose-dependent manner over the concentration range of 5-500 µM (Fig. 3d) . The Km value of 23 and 1 3 29 µM obtained from the results of Michaelis-Menten plot and Eadie-Hofstee plot, respectively, is close to the value of 21 μM obtained in HEK293 cells transfected with human OCTN1 (Gründemann et al. 2005) . On the other hand, [ 3 H]ERGO uptake into the cells transfected with mutant SLC22A4 (Fig. 3a, b) was much lower than that of wildtype SLC22A4 (Fig. 3c) , and did not significantly fluctuate by the addition of unlabeled ERGO (Fig. 3e) .
Discussion
In this study, we discovered that p.Cys113Tyr mutation in SLC22A4, the solute career family 22 (organic cation transporter), member 4, causes isolated recessive HL in humans. This mutation was found to cause HL in a large consanguineous Tunisian family (FT13) and in a child of a small unrelated Tunisian consanguineous family (FT20); in both cases, the mutation was embedded within the same microsatellite marker haplotype, indicating a founder effect within Tunisian/North African population. This hypothesis was corroborated by the finding of one carrier of the same mutation among 122 screened Tunisian healthy individuals.
SLC22 family of transporters together with MATE (multidrug and toxin extrusion) H+/drug antiporters constitute the family of polyspecific organic cation transporters. Members of the SLC22 family are divided into two distinct groups: the organic cation transporter sub-group made of OCT1 (SLC22A1), OCT2 (SLC22A2) and OCT3 (SL22A3), and the so-called "Novel" organic cation/carnitine transporter sub-group to which OCTN1 (SLC22A4) belongs, together with OCTN2 (SLC22A5) and OCT6 (SLC22A16) (Tamai 2013; Farthing and Sweet 2014; Pelis and Wright 2014) . The SLC22 family members have a predicted membrane topology that comprises 12 α-helical transmembrane domains (TM), an intracellular NH2 and COOH termini, a large glycosylated extracellular loop between TM1 and TM2, and a large intracellular loop with predicted phosphorylation sites located between TM6 and TM7. Mutation p.Cys113Tyr occurs in a highly conserved cysteine residue of the first large extracellular loop of SLC22A4 and is predicted to form disulfide bonds and strongly contribute to the formation and stability of the tertiary structure of the protein. We show in vitro evidence that p.Cys113 residue is crucial for the proper targeting of the transporter to the apical plasma membrane of polarized epithelial cells and for its solute uptake function.
Slc22a4 is ubiquitously expressed in the body and transports across the cellular plasma membrane various compounds including organic cations , such as physiological acetylcholine and carnitine, as well as naturally occurring antioxidant ergothioneine (ERGO) (Gründemann et al. 2005; Taubert et al. 2009 ). Within the cell, carnitine facilitates the transit of long carbon-chain fatty acids through mitochondria inner membrane as acylcarnitine esters for their β-oxidation and the generation of metabolic energy, although Slc22a5 was found to be much more carnitine selective . Defects in carnitine reabsorption at the renal proximal tubules and its transport into heart in a mouse model for juvenile visceral steatosis have been attributed to point mutations in Slc22a5 (Horiuchi et al. 1994; Hashimoto et al. 1998; Nezu et al. 1999) . Mutations in the orthologous gene SLC22A5 leads to systemic primary carnitine deficiency (CDSP) in humans that is characterized by various symptoms such as chronic muscle weakness, cardiomyopathy, hypoglycemia and liver dysfunction (and in cases to sudden death), not including hearing loss . Polymorphisms in SLC22A4 were associated with the development of rheumatoid arthritis (Tokuhiro et al. 2003; Kawasaki et al. 2004 ) and Crohn's disease (Peltekova et al. 2004; Kato et al. 2010) . Using microarray analysis, SLC22A4 was found to be expressed at significant levels in the kidney, lung and neutrophils and at lower levels in many other tissues (including skeletal muscle, brain and retina; Bleasby et al. 2006 ). In the inner ear, Slc22a4 transcript was detected in purified mouse SV endothelial cell line, and the encoded protein was found to be abundant at the apical surface of the blood capillary endothelial cells of the SV, which led us to speculate that Slc22a4 may be indispensable for carnitine transport into the inner ear and for the cellular energy production in the SV.
SLC22A4 represents the fourth member of the SLC gene family that have so far been identified to be responsible for a form of human HL. Other members include SLC26A4 (OMIM: 605646) encoding an anion (chloride and iodide) transporter known as pendrin and is the gene mutant in Pendred syndrome (PDS; OMIM: 274600) and in DFNB4 form of deafness with enlarged vestibular aqueduct (EVA; OMIM: 600791), SLC26A5 (OMIM: 604943) encoding for prestin, the motor protein for outer hair cells and mutant in DFNB61 deafness form, and SLC17A8 (OMIM: 607557) that encodes for hair cell synaptic vesicular glutamate transporter 3 (VGLUT3), responsible for dominant deafness form DFNA25.
In Caenorabditis elegans, knockout of OCT-1, the orthologous of mammalian OCTN1, resulted in significant elevation of oxidative damage accompanied by increased susceptibility to reactive oxygen species (ROS) and leading to shortening of lifespan (Cheah et al. 2013 ). Aging and extracellular insults, such as ototoxic drugs, cause oxidative stress via the accumulation of ROS in the inner ear that lead to cellular damage and hearing loss (Yamane et al. 1995; Clerici et al. 1996) ; free radicals trigger cell death pathways resulting in apoptosis (Forge and Schacht 2000) . A number of experiments argued in favor of the ROS theory causing hair cell loss, via the administration of antioxidant that protected hearing against the effects of external insults, such as aminoglycosides and noise (Lautermann et al. 1997; Dehne et al. 2000) . Slc22a4 has been found to specifically facilitate the transport of a powerful antioxidant, ergothioneine (ERGO; Gründemann et al. 2005) . Interestingly, we have shown evidence that Slc22A4 is highly expressed in the inner surface of the capillary wall of the SV. We speculate that SV dysfunction caused by SLC22A4 p.Cys113Tyr mutation would in turn alter the overall cochlear fatty acid-based metabolic energy production pathway. SLC22A4 is therefore the first HL-causing protein in cochlear SV described so far with a potentially important role within this pathway. Further studies will be needed to estimate the frequency of this mutation within North African/Tunisian populations, to evaluate the worthiness of its systematic screening for deafness prognosis in newly wed couples and to elucidate the mechanisms and molecular environment of the SV related to SLC22A4. Stem cell and gene-based therapeutic approaches applied to the SV capillary blood endothelial cells would be envisaged to overcome the defect in SLC22A4 function in DFNB60 individuals. More generally, as the unique known transporter for potent antioxidant ERGO, SLC22A4 presence in the cochlea makes it an ideal target for delivering ERGO into the cochlea and represents a promising direction for possible intervention in HL related to oxidative stress caused by genetic and environmental factors in the wider population.
